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ENGINE TAIL-PIPE BURllERWITHVARIABLE-AREA

EXHAUSTNOZZLEUSIIWSEV3RlKl!13EL

SYSTEMSANDFLAMEHOLDERS

ByIaVern.A.Johnsonand

A tail-pipeburnerequippedwitha

CarlL.Meyer

variable-areaexhaust,
nozzle,whichpermittedoperationovera rangeoftail-pipefuel-
airratiosatanapproximatelyconstantturbtie-outlettemperature,
has beeninvestigatedintheIIMX.Lewisaltitudewindtunnel.Five

. mnfigurationswereinvestigatedovera rangeoftail-pipefuel-air
ratiosataltitudesof25,000and35,000feetata flight Wch num-
berof0.21topermitselectionofa fuel-distributimsystemanda
flsqholderforthetail-pipeburner.Thebestconfiguratkm,.
whichincludedtheseleotedfuel-distributionsystemandflme
holder,wasinvestigatedovera rangeoftail-pipefuel-airratios
ataltitudesft?om25,000to45,000feetata flightMachnumberof
0.21,andatflightMmhntunbersfrom0.21to0.83atanaltitude
of25,000feet.

Forthebestconfiguration,anincreaseinaltitudeflmm
25,000to45,000feetat a flightMachnumberof0.21anda tail-
pipefuel-airratioof0.050loweredtheaqentedthrustratio
from1.35to1.16,theexhaust-gastotaltemperaturefrom3240°to ,
2480°R,andthetail-pipecombustionefficiencyfrom0.75to0.40,
andraisedthespecifiofuelconsumptionfrom2.96to3.60.Atan
exhaust-gastemperatureof3200°R andanaltitudeof25,000feet,
auincreaseinfli~tMachnumberfrom0.21to0.83raisedtheaug-
mentedthrustrati;frm 1.34to1.55,while
sumptionwasmnstantatapproximately2.93.

INTRODUCTION

Anextensiveresearchprogramonthrust
bojetenginesisbeingmnductedat theI!WCA

the specificfuelcon-

augmentationoftur-
Lewislaboratory.The
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pea%%manceofseveraltail-pipeburnerswithfixed-areaedwazst
nozzlesisreportedinreferences1 to4,andtheperfo?mwoeof
anIilK&des@nedtail-pipeburnerwitha variable-areaexhaust
nozzleisreportedinreference5. Asemadditlmalpartofthis
pro~am,theperformanceofa secondtail-pipeburnerwitha
variable-=eaexhaustnozzlehasbeenInvestigatedh thealtitude
windtunnel.Thetail-pipeburnerwas~talledonem=ial-fluw-
ccqressor-typeturbo~etengineandwassuppliedbytheengine
manufacturerasanintegraloomponentofthisengine.

Forthissecondtail-pipeburnerwithvariable-areaefiust
nozzle,performamedataobtainedattwoaltitudeswitheachof
fiveconfigurationsarecomparedtopermitselectionofa fuel-
distributionsystemandflemeholder.Themodificationstothe
originalfuel-distributionsystemandflameholderwerebasedon
theresultsofreferences1 to4,whichindioatetheeffectof .
fuelsystemandflame-holderdesignonburnerperformanceaswell
astheeffectofaltitudeandflightMachnumberonover-allper-
formancewithfixed-areae-ust nozzles.Performancedata
obtainedfortheselectedtail-pipe-burnerconfigurationovera
rangeofaltitudesandflightMachnmibersarepresentedtoshow
theeffectofthesevariablesonover-allperformance.Thedata
foreachconfigurationandflightoonditimme presentedfora
rangeoftail-pipefuel-airratiosatanapproximatelyconstant
turbine-outlettemperature.Alldataobtainedwitheachconfig-
~atia arepresentedb tabularform.Operationalcharacteristics
ofthetail-pipeburnerarealsodiscussed.

APPARATUS

Engine

TheJ47turbojetengineusedinthisinvestigationhasa
staticsea-levelratingof5000poundsthrustatanenginespeed
of7900rpmanda turbine-outlettemperatureof 1735°R. Theair
flowisapproximately94poundsperseocmdandthefuelconsump-
tionis5250poundsperhouratthisoperatingconditim.The
over-alllengthoftheengineincludingthestandardtailpipe
is143inches,themdmumdismeter is37inches,andthetotal
weightis2475pounds.Thelengthofthestandardtailpipe
includinga fixed-areae-ust aozzleis55inches.Themaincom-
ponentsoftheengineincludea 12-stageaxial-flowcmq?ressor,
eightcylindricalthrough-flowccmbtitors,a single-stageturbinez
anda tailpipe.
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P supplied
~ integralN (fig.1)

Tail-2ipe-BurnerAssembly

tail-pipeburnerasseniblyusedinthisinvestigationwas
bytheenginemanufacturerandwasintendedtobean
ccmponentoftheengine.Thetail-pipe-burnerassenibly
hasanover-alllength.ofapproximately121imheswith

thevariable-areaexhaustnozzleintheopenposition.Theassem-
blyoonsistsofthreesecti~: (1)a diffuserseotion4% inohes
long,taperingfromaninletdi-ter of33inohestoanoutlet
diameterofapproximately30#inches,andhavinganinletto outlet
arearatioof0.686;(2)a cmibustfonohamberhavinganover-all
lengthof6% imhes,ofwhichtheforward34 inahesisa oon-

verggoonioalseotionandtheaft2~ inchesisacylindrioal
sec%ion;and(3)a variable-areae~ust nozzlehavinga lengthof

1+6 incheswiththenozzleintheopenposition.

. Thedownstreamendofthediffuserinnerbodyhasaninternal
diameterofl% irmhes,a l/2-inohexlmrnalflange,anda conoave

. damewitha depthof8$inchestoprovide

seatinga stabilizingflameinthecenter
Ilameholdersforeaohocmfigurationwere
streamofthecombustion-chamberinlet.

A ooolinglinerwas installedinthe

a shelteredregionfor

ofthecabustionchmiber.
installed18inuhesdown-

oombustionohamber
2% inohesdownstreamoftheocdmstion-ohetmberinletandextended

towith 1:inchesoftheoutletofthefixedportionofthe

variable-areaexhaustnozzle.A radialspaoeof~ inohwasprO-
videdbetweenthelinerandtheburnershellthroughwhicha small
portionofthetail-pipegasflowedatapproximatelyturbine-outlet
temperatureto0001theburnershell.

Thevariable-areaex3austnozzle(fig.2)oonsistsofa fixed
oonioalsectionl&- inoheslongandtwomoveblelipssointercon-16. nec%dthatthelipsmoveshuultaneouslyovertheinnerfixedsec-
tion.Thenozzleissoconstructedthattheoutletareaisoiroular

.
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forbothopenandclosedpositions,exceptthatin”theopenposi-
tionthefourcornersofthemovablelipsprotrudeintotheoutlet
=ea. Forallintermediatepositionstheoutletwasirregularin .

shape.Thenozzlehasa maximumprojecteddischargeareaof
452squareinchesanda minimumtomsximumar6aratioof0.569. Nu)
A sealmadeofmetalstripswasplacedbetweenthefixedandmovable m. A
portionsofthenozzletopreventleakage(fig.Z(a)).

Thetail-pipe-burnerassembly,asreceivedfromthemanufac-
turer,includedanignitionsystemthatconsistedofa fuelnozzle
andtwospsrkplugsmountedintheconcavedomeatthedownstream
endofthediffuserinnerbody.A secondsystem,installedatthe
Lewislaboratoryasanauxiliarysystemforthisinvestigation.nro-
videdignitionby
oneoftheengine
flamethroughthe
tail-pipeburner.
inreference2.

a mamentaryinjectionofhigh-pressure-fuelL&o
oombustors;thisexcessfuelproduceda streakof
turbinetoignitethefuel-airmixtureinthe
Furtherdetailsofthesecondsystemaregiven

wing

INSTAILATIO19ANllIN8TWMENTATION

Theengineandtail-pipe-burnerassemblyweremountedona
secticmthatspsmnedthe20-foot-diametertestsectionofthe

altitudewindtunnel(fig.3). Dryrefrigeratedairwassupplied
totheengineinletthrougha ductframthetunnelmake-upair
system.Thisductwasconnectedtotheenginebyuseofa slip
Jointwitha fricticmlessseal,whichmadepossiblethemeasurement
ofthrustanddragwiththetunnelbalancescales.W orderto
simplifytheinstallationandtoprovideaccessibilityforinstru-
mentation,nocuwlingwasInstalled.

Instrumentatianwasinstalledatseveralstationsinthe
engineasshowninfigwe4. Thetemperatureandpressuremeas-
urementsobtainedattheengineinlet(station1)wereusedto
calculateairflow;instrumentaticminstalledattheturbineoutlet
(station6)wasusedtomeasurethetail-pipe-burnerinletcondi-
tions,andmeasurementsobtainedattheexhaust-nozzleoutlet
(station8)wereusedincalculatingtheexhaust-gastotaltemper-
ature.Fourstaticwallorificeswereinstalledaheadoftheflame
holderatstation7 (fig.
pipeburnerweremeasured

1). “Fuelflawstotheengimeandtail-
bycalibratedrotameters.

.
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DescriptionofConfigurations
.

Fiveconfigurationswereinvestigated;theoriginalconfiguratim

~ isdesignatedKE@ thefourmodifiedconfigurations~e designated
B,C,D,andE. Allconfigurationshadfuel-swaybarslooatedatN stationsA d B (fig.1);inadditicm,fuel-spraynozzleswere
locatedatstatiaC formnfigrratianA.A flowdividerproportioned
thefuelbetweenthevariousatatims;theflowdividerschedulesfor
thevariousconfiguratimsareshowninfigure5. StationD (fig.1)
istheflameholderlooationforconfiguratimsA,B,C,andD.

CcmmqlrationA. - Theflameholder(fig.6)andthefuelsys-
tem(fig.7)usedinccmfigurathnAweresuppliedbytheengtiemanu-
facturer.Thisflameholderwasanunsgtric V-guttertypeandhad
a blockedareaof23percent.oftheburneroross-sectional=ea. Fuel
wasinjectedperpendiculartothedirectionofgasflowthroughori-
ficesdrilledinradialspraybarslooatedatstaticmsA andB md in
thedirectionofgasflowfromconicalspraynozzlesatstationC.
Thescheduleoftheflowdividerinstalledinthemainfuellinewas
suchthatatlowfuelflows,correspondingtohigh-altitudeoperation,
fuelfromthesmallportoftheflowdividerwasinjectedthroughthe

. fuelbarsatstatimB andthroughsixofthespraynozzleslooated
atstationC. Forhighertail-pipefuelflows,additionalfuelfrom
thelargeportofthefluwdividerwasinjectedthroughtheremaining
nozzlesatstationC andthroughthefuelbarsatstationA..

.
Configl.u?ationB.- Theseineflameholderwasusedforconfigu-

rationB asforconfigurationA;however,thefuelsystemwasmodi-
fied(fig.8)toprovidea moreuniformfueldistributionacrossthe
burnersection.TheconioalspraynozzlesatstationC wereomitted
andallofthefuelwasinjectedperpendiculartothedirectionofgas
flowfromspraybarsatstationsA andB. Allthefuelfrcauthesmall
portsideoftheflowdividerwasinjectedatstationB andfuelfrom
thelargeportsidewasin~ectedatstationA.

ConfigurationC.- TheflameholderusedinconfigurationsA
andB wasalsousedinconfigurationC. k ordertoobtaina still
more uniformmixtureoffuelandairforconfigurationC (fig.9)
thefuelbarsatstationBwerereplacedbybarshavinga larger
numberofdischargeholessolooatedthatthefuelwouldbeinjected
closerto theouterwallofthediffusersection.Allfuelfromthe
smallportsideoftheflowdividerwasinjectedatstationB and
fuelfromthelargeportsidewasinjectedatstationA.

“ COnfigurationD.-A doubleV-guttertypeflameholder(fig.10),
whichhada blockedm?eaof31percentoftheburnercross-sectional

5
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area,wasinstalledforocafigurathnD toprovidea greaterblocking
areaforseatingthefleme.Theinnerflame-holderdiemeterwascon-
sideredtheminimumthatwouldpreventoverheatingoftheflame

.

holderbythestabilizingf@me seatedcmthediffusercone.The
outerflame-holderdhueterwasoonstderedthemaximumthatwould :
preventoverheatingtheoutershellti coolinglineroftheburner. l-l
Asa result,thetwoannularringsoftheflqmeholderwerefairly
closetogether@ theinnerring wasthereforeplaced2+inches
downstreamfrumtheouterring to preventexcessiveflowinterference
betweenthetworingsandtomahtainthevelooityovereachringas
lowaspossible.Thefuelsystamusedinthisccmfigurationwasthe
sameasthatusedwithmnfiguratimC.

ConfigurationE.- Jmordertodeteminetheperfomsnceobtati-
ablewithaminimumblocklngarea,onlythediffuser oonewasusedas
theflameseatforconfigurationE. Thefuelsystemusedwasthesame
asthatofconfigurationsC andD.

ThefivemnflgurathnsInvestigatedareswmmxrizedinthe
followingtable:

config-
uration

A

B

c

D

E

Flameholder r“ “
CJnsymmetricV-gutter

(fig.6)
23 original(fig.7)

LJnsymmetricV-gutter 23 Firstmodification
(fig.6) (fig.8)

UnsymmetricV-gutter 23 Secondmodification
(fig;6)-

DoubleV-gutter
(fig.10)

The performanceofeach
rangeoftail-pipefuel-air

(fig.9)
31 Secondmodificaticm

(fig.9)
Seoondmodification

(fig.9)

PROCEDURE

configurationwasinvestigatedovera
ratiosat a flightMaohnumberof0.21

ataltitudesof25,000and35,000feettoobtainmmp=abledata
whichwouldpermitseleotlonofa fuel-distributicmsystemand
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flameholderforthetail-pipeburner.Theperformanceofthe
. seleotedconfigurationwastheninvestigatedovera rangeoftail-

pipefuel-airratiosata flightMachnumberof0.21ataltitudes
~ from25,000to45,000feetandovera rangeofflightMachnumbers
0m from0.21to0.83atanaltitudeof25,000feet.~ orderto simu-

latetheseflightconditiaus,alrsuppliedfromthetunnelmake-up
airsystamwasthrottledfromapproximatelysea-levelpressureto
thedesiredpressureattheen&ineinlet,whilethetunneltest-
seotionpressurewasmaintainedtosimulatethedesiredaltitude-

Asthetail-pipefuel-airratiowasvariedateachflightcon-
dition,thevariable-areae-ust nozzlewasadjustedtomintain
anapproximatelyconstantturbine-outlettempezwfmreof1710°R
(within=0°). Thistemperatureof1710°Rwas selectedasthe
~peratingtetieratureins%adof
toconserveturbinelife.

Ateachflightconditionthe
andtheenghe-inlettemperature
Thisengine-inlettemperatureis

theratedtemperatureof1735°R

enginewasoperatedatratedspeed
wasmaintainedat500°R●lO”.
higherthantheNACAstandardtem-

peraturesfortheflightconditionsinvestigated;thedifferenceis
. greatestfora flightMachnumberof0.21ataltitudesof35,000and

45,000feet,forwhich%hestandez’dtemperaturesareapproximately
equal.Althoughthegeneralperi?omancelevelofthetail-pipe
burnerand.enginewouldhavebeenhigherif’thestandardinlettem-
peratmeshadbeenused,therelativeeffectofaltitudeisapproxi-
matelycomectaspresentedherein.If,forexample,theinlet
temperatureatanaltitudeof25,000feethadbeenadjustedto
maintaintheratioofinlettostandardtemperaturesthatwasmain-
tainedataltitudesof35,000and45,000feet,theturbine-outlet
totalpressurewouldhavebeenohsngedonlyabout2 percent.This
changeinturbine-outletpressureIssmallocunparedwitha reduction
inturbine-outlettotalpressureofabout40percentwhenthealti-
tudewasincreasedfrom25,000to35,000feetandwouldhavenegli-
gibleeffectcmthedatashowingtheeffectofaltitudeontail-
pipeburnerperformance.

FuelconformingtothespecificationAN-F-32witha lower
heatingvalueof 18,550Btuperpoundanda hydrogen-oarbanratio
of0.155waeusedintheengine,andfuelooaforhingtothespec-
IfloationAN-F-48b,grade80,unleadedgasoline,witha lower
heatingvalueof19,000Btuperpoundanda hydrogen-oarbonratio
of0.186wasselectedforuseh thetail-pipeburner.

.
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RESULTSANDDISCOFSIOE

Allofthedataobbainedwitheachoonfiguraticmare
intable1. Theoombustim-chsmber-in16tvelocitywasof

NACARME50F28.

presented
“
N’
$
l-l

presented
theorder

of500feetpprsec&d;thisvelocityincreased1 to3 percentfor
thevariousconfigurationsasthealtitudewasraisedfrom25,000to
35,000feet.IMa formnfigurationDi.ndioatethatthecotnbustion-
chamber-inletvelooityincreased5 to6 percentasthoaltitudewas
raisedfrom25,000to45,000feetandrmainedessentiallyoonstant
astheflightMachnumberwasraisedfrcau0.21to0.83:

EffeotofBwrnerModifications

Fueldistributicm.- Thevariatimoftail-pipeburnerper-
formancewithtail-pipefuel-airratioforconfigurationsA,B,
andC ispresentedinfigureslland12foraltitudesof25~000
end35,000feetata flightMaohnumberof0.21.Tail-pipefuel-
airratioisdefinedastheweightflowoffuelin~eotedintothe
tail-pipeburnerdividedbytheweightflawofunburnedair
enteringthetailpipe.Theaugmentedthrustratioisdefined.as
theratioofaugmentednetthrusttothenetthrustobtainable
withthestandeu’denginetailpipeatratedenginespeed.
Turbine-outlettotaltemperaturesindicatedonthefiguresshow
therangeoftemperaturewithinwhiohdatawereobtainedateach
flightcondition.

Ik&aforanaltitudeof25,000feet(fig.11)indicatethat,
fortheuniformfueldistributicmofconfigurationC,the%ail-
pipe-burnermmbusttonefficiencyincreasedwithiqc~asingfuel-
air zatiotoamaximumvalueata fuel-airratioofapproximately
0.055ad thendeoreasedathigherfuel-airratios.Fortheless
uniformfueldistributionsofconfigurationsA andBjhowever,
thetail-pipe-burnercombustimefficiencydecreasedprogressively
asthefuel-airratiowasincreased.Dataforanaltitudeof
35,000feet(fig.12),however,donotshowtheaforementioned
trendsofccaibustionefficiencywithfuel-dishi.butimuniformity.
ConfigurationC,withwhichthelowestspecificfuelconsumption
andthehighestthrustaugmentation,exhaust-gastotaltemperature,
emdtail-pipe-burnercombustioneffioi.encywereobtainedatall
fuel-airratiosatanaltitudeof35,000feetandatfuel-air

.
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ratiosaboveapproximately0.045atanaltitudeof25,000feet,was
selectedasthebestfuel-distributionsysteminvestigated.Per-.
fozmancewithconfigurationA waspoorerthanwiththeothercon-

~ figurationsatbothaltitudes.
5
N I?lme-holderdesign.- Thevariationoftail-pipe-burnerper-

formancewithtail-pipefuel-airratioforthef’lsuue-holdersof
configurationsC,D,andE 2spresentedinfigures13and14for
altitudesof25,000ail35,000feetanda flightMachnumberof
0.21.Thesamefuelsystemwasusedforeachconfiguration.The
specificfuelmnsumpticnwaslowerendtheaugnentedthrustratio,
exhaust-gastotaltemperature,andtail-pipeccmbustimefficiency
werehigherforconfigurationD,thedoubleV-gutterflameholder,
thanwiththeothertwoconfigurationsexceptatthehighestfuel-
airratiosat- altitudeof25,000feetwhenconfiguraticmC
appearedslightlybetter.ConfigpratioaE,whiohusedonlythe
diffuserconefora flameseat,gaveperfczmanceinferiorto
thatofboththeotherflame-holderconfigurations,exceptat
tail-pipefuel-airratiosbelowapproximately0.043andanalti-
tudeof25,000feetwhentheperfomemcewasbetterthemthatof
configurationCo

. ConfigurationDwas mneideredthebestofthoseinvestigated
becauseoftheimprovedperformanceovertheothersformostof
therangeofoperatingccnditimsinvesti@=d.Themaximmtail-. pipecmnbustimefficienciesobtainedwiththisconfiguratimwere
0.76ata tail-pipefuel-airratioof0.037andanaltitudeof
25,000feet,and0.70ata tail-pipefuel-airratioof0.041and
35;000feet;

Over-AllPerfoz7nance

TheeffectofaltitudeandflightMaoh
burnerperformancefora rangeoftail-pipe
configurationD,whichwasconsideredtobe
investigated,ispresentedinfigures15to

Effectofaltitude.-Theeffectof=
frcm25,000to45,000feetata flightMach

numberontail-pipe-
fuel-airratioswith
thebestofthose
18.

increaseinaltitude
numberof0.21on

tail-pipe-burner~erformuuxisshowninfigure15. Forthe
rangeoftail-pipefuel-airratiosinvestigated,anincreasein
altitudelaweredthea-ted thrustratio,e*ust-@s total
temperature,andtail-pipecombustionefficiency,andraisedthe
specificfuelccmsumpticn.Ata tail-pipefuel-airratioof

. 0.050,anincreaseinaltitudefrmu25,000to45,000feetlowered
theaugmentedthrustratiofrom1.35to1.16,theexhaust-gastotal

9
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temperaturefrmn3240°to2480°R,endthetail-pipeoombusticm
effioienoyfrom0.75to0.40,andraisedthespecificfuelcon-
sumpticmfrom2.96to3.60.Thiseffeotofaltitudeonperform-
anceisprimarilyduetoa decreaseincombustion-chamber-inlet
pressureofabout63peroentasthealtitudewasraisedfrom
25,000to45,000feet;themmbustion-chamber-inlettotaltempera-
turewasapproximatelyccmstsntandthevelocityinoreasedonly
5 to6 percent.

Atanaltitudeof25,000feet,theexhaust-gastotaltempera-
tureanda~entedthrustratioincreasedcontinuouslywithtail-
pipefuel-airratiouptoa fuel-airratioof0.050,themaximum
forwhichdatawereobtained.Foraltitudesof35,000and
45,000feet,however,theexhaust-gastotaltemperaturetendedto
leveloffata tail-pipefuel-airratioofapproximately0.045and
consequentlytherateofinoreaseoftheaugnentedthrustratio
deoreasedatthistail-pipefuel-airratio.

Wect offlightMachnu&er.-TheeffectofflightMachnum-
berontail-pipe-burnerperformanceispresentedforanaltitudeof
25,000feetandflightMaohnumbersof0.21,0.53,and0.83infig-
ure16. A limitedamountofdatawereavailableata flightMach
numberof0.83;therefore,threedatapointsarepresentedforwhich ,
theturbine-outlettemperaturewasslightlybelowthelowertempera-
turelimit.AstheflightMaohnumberwasraisedtiom0.21to0.83,
thecombustion-ohamber-inletpressureinoreasedapproximately .
52peroent,butthecombustion-ohamber-inletvelocityaudtotal
temperatureremainedessentiallyconstant.Overtherangeoftail-
pipefuel-airratiosinvestigated,anticreaseinflightMaohnum-
berf%om0.21to0.83raisedtheaugmented”thrustratiobuthadno
apparenteffeotonetiust-gastotaltemperature,tail-pipecom-
bustionefficiency,orspecificfuelconsumption.Ateachflight
Maohnuniber,theexhaust-gastotaltemperatureandaugmentedthrust
ratiomntinusdtoincreasewithtail-pipefuel-airratiouptoa
fuel-airratioofapproximately0.052,themaximuminvestigated.As
thetail-pipefuel-airratiowasratsedfrom0.030to0.052,thetail-
pipecombustionefficiencyremainedapproximatelyconstant,thespeo-
ificfuelconsumptioninoreasedfrom2.38to3.05,andtheexhaust-
gastotaltemperatureincreasedfrom2710°to3290°R.

Theresultspresentedinfigure16arecross-plottedinfig-
ure17toshowthevariaticmofperformancewithflightMachnum-
berforexhaust-~stotaltemperaturesof3000°and3200°R. The
perfomanoevariationwithflightMaohnumberissimilayforboth
exhaust-gastemperatures.Foranexhaust-gastemperatureof
3200°R,aninoreaseinflightMachnumberfram0.21to0.83
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inoreasedtheaugmentedthrustratiofrczn1.34to1.55,thespec-
. ificfuelconsumptionwascmstantatapproximately2.93,andthe

totalfuel-airratiowasapproxhnately0.053.Fortlrls inorease
inflightMachnumber,thespeoificfuelconsumptimwiththestand-

Km ardenginetailpipeincreased&om 1.27tol.40.M
Althoughtheaugmentedthrustratiodidnotinoreasewith

flightMachnumberasrapidlyasmightbee~eoted,theaugmented
thrustincreasedrapidlyasshuwn3nfigure18,wherethevm?i-
aticminnetthrustwithflightMachnurdberispresentedforthe
standtienginetallpipe’ad fortail-pipeburning.Foran
inoreaseinflightMachnuuiberfrom0.21to0.83,theaugmented
thrustinoreasedabout60percentandthestandardenginethrust
increasedabout40percent.

,

OperationalCharacteristics

Rangeoftail-pipefuel-airratios.-Themink andmiximum
operabletail-pipefuel-airratioswerenotdete~ed fortheY~i-
ousconfigurations.Theminimumtail-pipefuel-airratioatwhich
perfomencedatawereobtainedwasapproximately0.025;operationat. luwerfuel-airratioswasnotconsideredofinterest.Zngeneral,
performancedatawereobtainedatprogressivelyhighertail-pipefuel-
airratiosuntileithertheaugmentedthrustappearedtohavereached

. a maximnmorlimitingturbine-outlettemperaturewasobtainedwiththe
eihaustnozzlefullyopen.ForconfigurationD,limitingturbine-
outlettemperaturewasobtainedorapparentlycouldhavebeenobtained
withtheeXhaustnozzlefullyopenatall.fllghtconditionsinvesti-
gatedexceptatanaltitudeof45,000feet;thetail-pipefuel-air
ratiorequiredattheseconditionsvariedYromapproximately0.040to
0.052.Withtheexhau~nozzlefullyopen,limitingturbine-outlet
temperaturecouldnotbeobtainedforconfigurationsA andE ateither
ofthetwoflightconditionsinvestigated,audcouldbeobtainedfor
configurationsB andC onlyatemaltitudeof25,000feetattail-pipe
fuel-airratiosofapproximately0.063and0.045,respectively.

Ignitimsystems.- Twoignitionsystemswereavailablethrough-
out theinvestigationtoprovideignitimofthetail-pipe-burner
fuel;startinglimitswerenotdeterminedforeithersystem.Itis
estimatedthatover100startsweremadewiththeignitionsystemthat
consistedofa fuelnozzleandtwosparkplugsmountedintheconcave
sectionatthedownstreamendofthediffuserinnerbody.Approxi-
mately20startsweremadebymeansofa flamestreakhornoneofthe

. enginecombustors.Bothignitionsystemswerereliableexceptfor
=equent foulingofthesparkplugstithefirstsystem;theflame-
streakmethodwasthenusedtoavoidshutdom.

.
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Tail-pipe-burnershellcmling -Tail-pipe-burne?shellcooling
~ providedbytheflw ofa small”portionoftherelativelycool
turbine-outletgas throughthe passagebetweenthecoolinglinerand
theshell;thismethodapparentlyprovidedadequatecoolingatall
flightconditionsinvestigatedexceptata flightMachnumberof

. 0.83atanaltitudeof25,000feet.Afteranesthatedoperating
timewithtail-pipeburningofll~hours,however,thecoolingliner
collapsed.A secondlinerwasinstalled- itprovidedadequate
ooolingwithoutfailurefortheremaining~ hoursoftail-plpe-
burneroperation.Bothlinersweresupportedbyhat-sectionstif-
feners;othermethodsofsuppcmt(reference5)havebeenusedto
provideadequatesupportagainstthepre8suredifferencewhichcaused
thefirstlinertocollapse. 9

Warpingofthee~ust nozzle,whichcausedthemovablelipsto
bindandsomeofthemetalstripsealstoburnaway,wasencountered
atthehighertail-pipefuelflowsata flightMachnuuiberof0.83at
analtitudeof25,000feet.

CONCLUDINGRIMARKS

A tail-pipeburnerwitha variable-areaetiustnozzle,which
permittedoperaticmovera rsageoftail-pipefuel-airratiosatan
approximatelyoonstantturbine-outlet.temperature,hasbeeninvesti-
gatedintheNACALewisaltitudewindtunnel.Fiveconfigurations
wereinvestigatedattwoaltitudestopermitseleationofa fuel-
distrtbu%iansystemanda flameholderforthetail-pipeburner.
Theperformanceofthebestconfiguration,whichincludedthe
selectedfuel-distributionsystemandflameholder,wasdetermined
overa ramgeofaltitudesandflightMachnumbers.Thefollowing
statementspertaintothebestconfiguration:

Anincreasetialtitudefrom25,000to45,000feetata flight
Machnumberof0.21enda tail-pipefuel-airratioof0.050lowered
theaugmentedthrustratio&cm 1.35to1.16,theexhaust-gastotal
temperaturefrom3240°to2480°R,andthetail-pipecombustion
efficiencyI%om0.75to0*40Jandraisedthefwe~ificfiel ~Ons~P- .
thn from2.96to3.60. .

.

#
1+

,

An increaseinflightMachnumberata giventail-pipefuel-
alrratioandatanaltitudeof25,000feetresulted.inanincrease
inaugnentedthrustratio,butthespeuificfuelconsumpticm,exhaust-
gastotaltemperature,andtail-pipeccmibusffonefffoiencywere

.

.

.-..
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unaffected.At an e~ust-gasteweratureof3200°R,m ticrease
. inflight~ch numberfia 0.21to 0.83at analtitudeof25,000feet

raisedtheaugmentedthrustratiofrom1.34to1.55,whilethespec-
P ificfuelcansumpttonwasoonstantatapproximately2.93.amN

LewisFlightPropulsionLaboratory,“
HationalAdvisoryCcmmitteeforAeronautics,

Cleveland,Ohio.

13
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symbols

ThefollowingsynibolsareusedInthisreport:

A cross-sectionalarea,sqft

B thrust-s-lereading,lb .

NACARME50F28

CJ Jetthrustcoefficient,ratioofscalejetthrustto
rakejetthrust

CT thermal-expansionratio,ratioofhot-exhaust-nozzlearea
tocold-exhaust-nozzlearea

D externaldragof’installation,lb

% dragofexhaust-nozzlesurveyrake,lb

F~ Jetthrust,lb

F= netthrust,lb

f/a fuel-airratio

% accelerationofgravity,ft/~ec2

H totalenthalpy,Btu/lb

h= lowerheatingvalueoffuel,Btu/lb*
M Machnumber

P’ totalpressure,lb/sqf%absolute

P staticpressu”e,lb/sqftabsolute

R -S constant,~.4,ft-lb/(lb)(OR)

T totaltemperature,‘R

Ti indicatedtotaltemperature,‘R

,

.

t statictemperature,‘R .

.
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v

Wf

w%

‘&!

Y

~b

velocity,ft]sec

airflow,lb/see .

compressorleakageairflow,lb/see

fuelflow,lb/hr

speoificfuelconsumptimbasedontotalfuelflowand
netthrust,lb/(hr)(lbthrust)

gasflow,lb/seo

ratioofspeoificheatsforgases

burner

Subscripts:

a

s e

f
.

%

d

m

r

s

t

x

o

1
. 3

air

engine

fuel

gas

combustionefficiency

statimwhere
pressure

fuelmanifold

rake

scale

jetstaticpressureequalsambientstatic

tail-pipeburner

inletduetatlabyrinthslipjoint

smbientconditions

engineinlet

ccunpressoroutlet(inlettoengine

~-

ccmbustors)

3.5
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6 turbineoutlet(tail-pipediffuserinlet)

7 staticm2$Inchesupstreamofflameholder

8 etathn1 inchupstreamoffixedporthnofnozzleoutlet

81 exhaust-nozzlesurveyMxvtioninatsndard-auginetail-pipe
t

MethodsofCalculation

FlightMaohnumberandairspeed.-FlightMaohnumberand
equivalentatrspeedwerecalculatedbythefollowingeqyations
ushg engine-inlettotalpressureaudtemperatureaudassuming
ccmpletefree-streamtotal-pressurereoovery:

W4L2iF‘ (2)
Temperature.- 8tatiotemperatureswereoalmzlatedfromindt-

oatedtemperaturesusingthefollowingrelation:

t. ‘i

[1&
(3)

()
Y1 + 0.85~ -1

Thetypeofthermocoupleusedhasan@pa@ recoveryfautorof0.85.

Airflow.-Airflowattheengtie&et wasoaloulatedfrom
thefollowingequathnus* thepressureandtemperaturemeasure-
mentsobtainedintheinletannulus:

(4) .

f,

~ “ ‘-----
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Theleakageairflowthroughthelabyrinthseal3ntheccmqressor
. wasexperimentallydeterminedandsubtractedfromtheairflow

measuredatstation1 toobtaintheairflowenteringtheengine
~ oombustors:
m
N

‘a,s ‘Wa,l - ‘c (5)

Gasflow.- Gasflowattheturbineoutletwasdetermined
fromtherelation:

>

Gasflowthrough
follovingrelation:

Wg,7

‘g,6=wa,3

thetail-pipe

=Wg,8=Wa,3

~ ‘f,e
3600 (6a)

burnerwascalculatedfranthe

+Wf,e ‘Wf,t
3600

(6b)

Ih2el-airratio.-Thetail-pipeburnerfuel-airratioused
. hereinisdefinedastheweightflowoffuelsuppliedtothetail-

pipeburnerdividedbytheweightflowofunburnedairentering
thetail-pipeburner.Weightflowofunburnedairwasdetermined

. byassumingthatthefueltijectedintheenginecaibustorswasccun-
pletelyburned.Thetail-pipefuel-airratiowasobtainedbycom-
biningenginefuelflow,tail-pipe-burnerfuelflow,andairflow
inthefollowingrelation:

where0.068isthe
fuel.

(f/a)t= Wf,t-.
3600

stoichiometric

Thetotalfuel-airratiofor
is

‘f,e
‘a~s-0.068

fuel-airratio

theengine

‘f,e+wf,t(f/a)= 3600Wa,3

and

(7)

for theengine

tail-pipeburner

(8)

.
.

.
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Combustion-chamber-inletvelocity.- Velocity-attie*il-PiPe- ““
burnercombustion-chember.inletwascalculatedfromtheequationof
continuityusiwthestaticPressuremeasuredatstaticm7 (fig.1)

.

andaes&g t~t
remainedconstant
Inlets

from

thetotalpressureandthetotaltemperature
fromtheturbineoutlettothecombustion-chamber

76-1

(9)

Au- ntedthrust.-TheaugmentedJetthrustwasdetemnined
balace-soalemeasuranentsbyusingthefolbwingequatlm:

Wa l,VX
Fj,s =B+D+~+ ‘g +AJPX-P()) (lo)

Thelasttwotermsinthisequationarethemomentumad pressure
forcesactingontheinstallationattheslipjointinthemake-
upair duet.Theexternaldragoftheinstallationwasdetermined
frompower-offdragtests.Theexhaust-nozzlesurvey-rakedrag
wasmeasuxedhydraulically.

Theaugmentednetthrustwasdeterminedbysubtractingthe
free-streammomentumoftheinletalr&cm theaugmentedjet
thrust:

Nf.nmi-l

9

.

‘a,l‘OFn = ‘jts- g (11)

Jet-thrustcoefficient.- Thejet-thrustcoefficientCJ is
definedastheratioofscalejetthrusttorakesetthrust.

(12)

MachnumberM8 wasdeterminedfrcmp8 -d p8 * Mj ~s
determinedfromp8 @ Po* Thethermal-ewansi”mratio~
wasbasedone~ust-nozzlesktitemperature.Valuesof Cj -1-
culatedficane~erimentaldataareshowninfigure19.

.

.

~ ‘“----”
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Standaxden@.ne &hrust.- Thenettlumstforthe stmdarilengine
wasoaloulatedfrommeasurementsofturbine-outlettotaltemperature,. totalpressure,andgasflowobtainedduringthe.tail-pipe-burning~

P investigation,byuseofthefollowingrelatia:

i I r y~-fi

.

.

Fn,e=%dqk-(%)=l -.”’’;’O “3)

DuringOalibratimoftheenginewitha standardtailpipe,
thetotalpressureattheexhaust-nozzleoutletwasfou& tobe
0.97oftheturbine-outlettotalpressure.Accordingly,thevalue
ofthetotalpressurep81 fieqUatiOn(13)=s takenas0.97P60
ThetemperatureT8i wasassumedequalto T6. Valuesof C3
were olhdned fmm figure19(a).

Exhaust-gastotaltemperature.- Thee~ust-gastotaltempera-
turewasoalmlatedikxasoalejetthrust,e-ust-nozzle-outlet
totalpressure,andgasflw bymeansefthefollowlngequaticm:

TJ=T8= 6(7@Fj,s2

[178-1
(14)

PO 78
()

2R78Mg2C~21- ~

Valuesof CJ =re obta~ed_ fi~e 19(h);=Iuesof 78 were
basedonm esttitedeXhaust-gastemperatureobtainedfromthe
soalejetthrust.

Combustionefficiency.- Tail-pipecombustionefficiencywas
obtainedfromtheratioofactualenrthalpyriseofthegasthrough
thetail-pipeburnertothetheoreticalenthalpyrisethatwould
resultfrcmcompleteccmlnzetionofthetall-pipe-burnerfuel.The
followingequationassumesthattheenginefuelwascompletely
burned

~b,t=

h theengineccnnbustors:

3600W

Wf,thc,t
8 8

a
3600 wa,3H ~+wf,e~, (15)

a
Wf,thc,t

19
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enthalpyoftheprducts ofconibustionwasdetermined
chartsofreference6. Theeffectofdissociationof ‘ .

thegasoncombustionefficiencyhasnotbeentakenintoaccount,
inasmuchasthiseffectisconsiderednegligiblefortemperatures
Up to 3600°R. Nm

3
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TABLEI - PEKFOFMANCEDATAFORJ4’7TU220JEP

NanAl& Fli@tAnment 2n#ne- Engm?- hghe Tdl-pipeJet Net Air 6peollo
Mach pressureinlet Inlet rwl fielflowtbruatthrustrhw
number total total rkw

% $2:., P1
%,tpreSsulwtegm’gra.Wf,e (lb/&r)

‘J
(lb) (%) ,~(%{‘Oy&”

(lb/hr)
(lb/SQ %
ftabs.)

(Wgit ))1

m m
ConfigurationB

m

498 2210 3100
497 2266 i33

2210
602 2140 4020
603 2150 6220

1390 2060
423 1400 2700

130a 5300
).390 3370

429 L390 3560
4000

23,000
23,000
%S,000
25,000
25,000
35,000
36,000
36,000
35,000
35,000
36,000I).22s -780

701
:!% 781
.220
.205 701
.206 493
.230 493
.!210 -498
.$410 494
.2?.0 499
.Slo 600

g$66

E%
2429
143s
1.617
3.436

1488
1464

802
209
205

as
508
812
614
510
616
516

805
209
792
207

ma

M
512
610

609
51.O
611

[

2173

-76

2195
1276
H31

%%
1.319
1.24?6

;44;

.762

.820

.213

.696

.08Q

.651

.626

.745

.I.31

W
23,000
26,000
245,000
26,000
25,000
25,000
35,000
65,000
35,000
35,000
36,000
S6,000
36*OOO
36.000

.Slo
●226
.230
.215
.226
.230

:!%

:%
.210
.210
.2Z6
.226
.200

7R762781
781

%
493
424
493
493
493
403
493
493

Oonril
.514
515
605
51.5
601
605
518
514

606
614
610
497
499
506

matlonUx20602120 :Eo
2130 4460
2250 &&
2300

6460
Fz 6700
1420 2390
1430 2260

2250
2260

!?% 3400
1410

6400
lsso 3U0

2264
2426
2467
2562
2739
2819
2s57

1.559
1452
1462
1607

1.S49
1479I1999 65073

2201 38.62
2179 S6.04
2221 36.64
2466 37.03
2620 36.94
2277 36.41
lm3 2s.06
13$0 23.62
1280 23.04
1.60122.87
1341 22.86
1322 23.66
1.35626.39
3.31822.50

2*956
2.926
S.020
2.064
2.973
3.075
8.469
2.23.6
S.072
S*%8
&241
8.687
S.622
3.479
S&no

2.970
2.656
2.7~6
2.77%3
%203
2.922
2.607
2.744
2.891
3.045
S*059

1

7
8

11
12
13
14
15

Con?iguratlcmE
208 504 2200 2460 2246
608 606 2210 2327
808 603 2350 %% 2667
208 499 2300 4000 2568

21.60 4cm 2400
47+805 am 4700 2663

61.2 1470 1518
632 536 1400 2000 1426
517 602 1490 2600 1662
6).6 lwo 2600 1486
51.2 :: 14W 2800 =78

r36.9s9yg

37.13
87.35
37.21
23.44I26,000

ii
3 %::::
4 26,000
6 25,000
6 25,000
7 36,000
8 35,000

L: %$%
u 36,.fm

lmn- 7&3
778
781
778
721.
776L;235

.226

.236

.226

:%
.236
.230
.260
.226

i93

J493499
493
494 11239 23.461380 23.68

1278 23.71
1622 23.44
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‘ENGINEWITHTAIhPIPEBURNEROPERATIVE

-. .

).0408 0.,9312 0.678 1481
.0643 .0507 .677 1463
.0423 .0424 .667
.0473

147’2
.0413 .652

.0636
1440

.0631 .44s
.0415

1449
.0333 .673

.0499 .043s .516 k?

.0552 .0620 890

.0576 .0551 :%% 910

.0690-.0668 .414 914
*0641 .0636 .SS8 908

.0450

.0492

.0516

.0523

.0658

.0s93

.0606

.CM66

.0318

.0513
●Oml
.0694
.0673
.0674
.0602

).0356
.0396
.0487
.0480
.0466
.0539
.0418
.0408
.0476
.0462
.0516

.0390
●W
.0466
.0472
.0518
.0567
.0695
.0396
.0466
●0463
.04n
.0668
.G542
.0544
.0s81

0.0251
.0305
.0421
.0413
.0401
.0492
.0328
.0322
.0406
.0396
.0460

.682

.662

:%
.730
.764
.676
.587
.664
.548
.468
.357
‘.323
.533
.466

Oonrll
1624
1677
1796
1677
lno

H%
16’73
1731
170s
1706

Uration;
1309
1.31a
1316

1302

829
781
8U
817

Conrlglwatlon(
1408 1662 1.264
1476 1709 1301
1419 167S 1266
1481 1738 1327
1482 1732
1489 1756 ‘h%
1466 1749 1.321
927 1740
922 ln7 836

1664
1720 M

M 1734 849
914 1686 827
898 1663
892 1675 %

I0:::: 1466
1463

.644 1513

.m 1482

.602

.532 ?F4

.480 940

.410 91.3

.454

.440 8:

.447

1656
1748
1735
1674
1665
1728
1722

EatIon
1342

z:
1S76
3.322
1398

E:
872

667

m
1360
1307
1337
1302
1298
818
291

2:

%

%.%
2666
2781
2750
2491
2604
2594
2611

EE

ml
lml

1353

w
1307

236

E
858
825

%

1325
1382
1422
140Q
1349
1417

864

646
881

2601
2674

YW7
3242
3413
3047
268S
2782
2714
2595
2508
2603
2839
2728

2182
2289
2682
2698

2796
2394
24?41
2490
2391
2361

514
53.5
522
622
527
533
517
532
530,
530
536

506
603

x
511
515
614
508
508
506
610
498
514
508
J511

2.219
1.28cl
1.280
1.281
1.260
1.149
1.2(XI
1.195
1.191
1.191
1.123

1.*
1.264
1.306
1.282
1.372
1.404
1.300
1.220
1.255
1.240
1.199
1.1833
1.193
1.&6
1.248

1--14e3 1.129
489 .1.16s i!

1,256
% 1.276 :
494 1.230
495 1.280 :
496 loln
494 L 142 ;
4’79 ::yn7 9
520
495 1.226 Xl

4
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TA5LEI - PERFORMANCEDATAFORJ47TUR80JET

‘-r I

Run Altll Fl&?&

rnmbez

J-L
i
2

:
s
6
v

:
10
11.
Ii?

H
26

::
18

%
El
28
26
24
26
26
27
28
29
30
91
52
35
34
56
96
57
58
59
10
41
*2
K5
PI
M
M

$:%%
E:%:
26,000
25,000
26,000
25,000
86,000
26,000
26,000
25,000
25,000
26*OOO
26,000
26,000
26,000
26,000
26*000
26,000
26J3CQ
26#ooo
36,000
36*OOO
33,000
35,000
36s000
35*000
35,000
36,000
36,000
36,000
56,000
36,000
36,000
56,000
35,000
65,000
36#ooo
45,(XQ
m,ooo
46,CQ0
46,000
45,000
&6,000
46,000

).200
.215
.210
.L210
.416
.215
●206
●226
.2M
.210
.550
.620
.520
.620
.s20
.51s
.516
.826
.820

.:%

.840

:2%
.236
.230
.216
.210
.210
.$320
.206
.200
.190

:%1
●2).6
●205
●!220
●210
.223
.546
.$?75
.226
.230
●2$30
●230

=~ xt- =t- = Tdl-pipe Jet Het Atr
I
spee:io

fuelflowttlmatthrmtflon

h?
774
781
777
781
781
778

::8

83X
799

781

E
T&l

;%
7%8

:%
493
493
493
493
493
494
492
493
493
498
493
493
491
499

%“
222
296
296

E
310

%:

807

5:

729
m

996
960
934
930
961
936

k%
1241

1235
506

610
512
610
500
610
509
609
508
’612

%%
502
m
509

321
31.2

:Z
315
322

Ooafl
605
601

%
603

%

603
488
601
510
498
503

603
504

6?:
604

%?
500
612
604

%
500

497
509
601

601
805
49’7
602
497
429
602

495
507
507
606
603

aratm
23#3
2310
2190

2210

2260

k:
2300
2340
2710
2670
2700
2660
2660
2610
3200
6620

k%
5340

LW7
1360
1310
1390
1360
1410
1460
1373
1400
1440
1410
1430
Mm
1412
1430
1440
850
880

E%
900
885
896

2
2820
3300
3300
moo
3750
3780
4000

4400
4800
4800
66Q0
66Q0
6700
5700
60S0
6030
5200
6020
6100
7000
7200

%E
2300
2300
2600
26C9
2500
2500
2600
2600

F7E
2700

2900

2900
1050
1240

&o
10

1360
1600
2100

2456
2656
24U
2697
2609
2534
8575
2474
8631
2731
p:

w%
5663
3613
3626
4698
6128
4987
5127
5285
lms

1460
1442
L602
1600
16.46
L666
1493
1641
L543
1647
1561
L611
1548
1570
L665
797
8.22

z:
871
886

2204
2281
2141
2627
2234
2256
2310
2197
2361
2464
2697
2796

m%:
2814
2856
2769
3E53
3719
3474

3769
1.397
1218
1288
1268
1339
1336
1330
1382
1327

M87

%%
1436
1382
1398
13s0
6P0
710
761
671
737
763
~

2.330
2.468
2.573
2.448
2.677
2.690
2*m
2.806
2.81.6
2.289
fh826
3.018
2.985
2.966
2.970
S.050
3*117
2.681
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